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Liver cellthe MELC/TIS ﬂuorescence robot technology that is capable of colocalizing at
least a hundred different molecular cell components in one cell. The technology reveals new hierarchical
properties of protein network organisation, referred to as the toponome, in which topologically conﬁned
protein clusters are interlocked within the structural framework of the cell. In this study we have applied
MELC/TIS to construct a three-dimensional toponome map of the cell nucleus of a single human hepatocyte
undergoing apoptosis. The map reveals six different spatially separated toponome domains in the nuclear
interior of one apoptotic cell. In the drive to decipher the apoptosis-speciﬁc molecular network on the single
cell level, the present toponome map is a ﬁrst milestone towards the construction of much larger maps
addressing hundreds of molecular cell components across the stages of apoptosis.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
The cell nucleus is the largest single organelle in the cell. It contains
the overall functional plan for myriads of different functionalities,
such as regulated transcription of single genes, coordination of large
gene programmes during cell differentiation and DNA replication,
maturation of ribosomes in the nucleolus, and transfer of factors
across nuclear pores. Emerging views indicate that the genome and its
functional domains are dynamically linked to the overall nuclear
architecture [1]. For example, speciﬁc factors are organized in 20–40
speckled structures [2], and DNA is replicated only once in each cell
cycle. Considering the concept that almost every function in the cell
relies on the coordinated action of molecular machines [3] at highly
deﬁned subcellular locations [4,5], the precise detection and quanti-
tative as well as functional analysis of thesemachineswithin the cell is
one of the biggest challenges in the post-genome era [6]. For example,
which clusters of transcription factors are formed at the promotor
region of speciﬁc genes? Would we be able to decipher the overall
functional plan of the nuclear DNA by studying transcription of
hundreds of speciﬁc genes in one single cell nucleus across the whole
genome? How is this machinery disturbed in individual cells under-
going apoptosis? Although apoptosis-speciﬁc molecular machines,
such as the apoptosome, have been identiﬁed [7,8], signiﬁcant gaps
remain in our knowledge of this process. There must be an apoptosis-49 391 6117176.
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ﬁnally leads to this particular form of cell death (in contrast to necrosis
that induces inﬂammatory reactions of the surrounding tissue). How
can this network be quantitatively described in individual apoptotic
cells? These and many similar problems addressing the functional
architecture of the cell nucleus place signiﬁcant methodological
constraints on molecular imaging technologies able to identify the
topological properties of molecular networks in situ, by colocalizing a
very large number of molecular cell components in one cell nucleus
and cytoplasm [4].
We have recently described the microscopic ﬂuorescence robot
technology MELC/TIS that is capable of imaging at least 100 different
molecular cell components (MCC) in one cell [4,5]. MELC/TIS
overcomes the spectral limitation of traditional ﬂuorescence micro-
scopy by using large dye-conjugated tag libraries and automatically
bleaching a dye after imaging and re-labelling the same or another
MCC in the identical sample with the same dye coupled to a tag
having the same or another speciﬁcity, and repeat similar cycles
with other tags for multiple times revealing multidimensional
colocation patterns [4,5,9–11]. By this approach we have addressed
for the time as what we term the toponome (the functional protein
networks, or, the biological code of the cell) [11–14]. After the ﬁrst
description of the technology in 1990 [9], the importance of this
approach to cell function has been increasingly recognized [5,11,15–
19]. The technology has proven to solve key problems in biology and
therapy research: it has (i) uncovered a new cellular transdiffer-
entiation mechanism of vascular cells giving rise to myogenic cells
in situ/in vivo [20], a ﬁnding that has led to efﬁcient cell therapy
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protein in sporadic amyotrophic lateral sclerosis by hierarchical
protein network analysis [25], a ﬁnding that has been conﬁrmed by
a mouse knock out model [26], (iii) uncovered a lead target protein
in tumour cells that controls cell polarization as a mechanism that is
fundamental for migration and metastasis formation [43] and (iv)
found new functional territories in the CNS deﬁned by high-
dimensional synaptic protein clusters [27,28].
The MELC/TIS technology is unparalleled when it comes to the
colocalization of a very large number of proteins using photonic
microscopy. The ability to colocalize proteins on a large scale is
regarded as a bottleneck in the drive to understand how proteomes
are organized in individual cells and how interlocked clusters of
proteins exert control over cellular functions. In the present study we
have chosen a primary human hepatocyte undergoing apoptosis to
construct a toponome reference map. It allows the investigator to
study simultaneously in one cell changes in the cell nucleus and in the
cytoplasm. We regard this mapping procedure as a new principal
towards the analysis of molecular and structural changes during
apoptosis. Themap does not focus on speciﬁc molecular clusters in the
nuclear interior but rather on the feasibility to localize simultaneously
15 different MCC as speciﬁc markers of cellular organelles, substruc-
tures of the cell nucleus and molecular events taking place in
apoptosis. Together we consider this map as a reference map (a
pan-cellular molecular ‘landscape’) that can be used in future studies
to construct toponome cybermaps of the cell nucleus, in which
hundreds of additional MCC can be colocalized relative to the
apoptosis-toponome structures presented in this study.
2. Material and methods
2.1. Tag library
The tags used to label proteins and ligands, assembled as a
toponome mapping library, are summarized in Table 1. The molecules
selected for the toponome imaging procedures in this study are all
reference markers of subcellular organelles or molecular systems in
the cell undergoing substantial changes during apoptosis or liver
disease [7,8,29–43].Table 1
Summary of molecules labelled by MELC/TIS and corresponding locus link annotations
Molecule/moiety
recognized
Ofﬁcial
symbol
Name
c-fos [FOS] v-fos FBJ murine osteosarcoma viral oncogene
homolog [Homo sapiens]
CD49f [ITGA6] Integrin, alpha 6 [Homo sapiens]
CD138 [sdc1] Syndecan[Homo sapiens]
ConA lig. – Alpha-man, alpha-glc
Cytochrome C [CYC1] Cytochrome c-1 [Homo sapiens]
Cytokeratin [KRT8],
[KRT18]
Keratin 8 [Homo sapiens] and keratin 18
[Homo sapiens]
Golgi complex
Ab-1
– Golgi complex-speciﬁc antigen
Hoechst 3328 lig. – Nucleic acids
Lamp1 [LAMP1] Lysosomal-associated membrane protein 1
[Homo sapiens]
Membrin [GOSR2] Golgi SNAP receptor complex membrane 2
[Homo sapiens]
Mitochondria
Ab-2
– Mitochondria speciﬁc 60 kDA nonglycosylated
protein
p53 [TP53] Tumor protein p53 (Li-Fraumeni syndrome)
[Homo sapiens]
p170 [ITGAM] Integrin, alpha M (complement component
receptor 3, alpha; also known as CD11b (p170),
macrophage antigen alpha polypeptide)
[Homo sapiens]
Prop lig. – Nucleic acids
WGA lig. – NeuAc, (glcNac)2, (glcNac)32.2. Cells
Primary human hepatocytes were cultured on glass cover slips as
described [5]. Before use for toponomemapping procedures cells were
washed with 10% DMSO in PBS, ﬁxed in fresh 4% paraformaldehyde,
and washed in PBS. Cells were then air dried and snap frozen in liquid
nitrogen via pre-cooled isopentane. Before use samples were
rehydrated in PBS at 20 °C, incubated with normal goat serum for
30 min, and washed again in PBS, as described [5].
2.3. MELC/TIS technology for toponomics
Multi-Epitope-Ligand-Cartography (MELC) [4,9,14], recently
further developed as Toponome Imaging System (TIS) [5,44], and
now termedMELC/TIS technology, and its use in biology andmedicine
has been described previously in detail [4,5]. It is a multidimensional
microscopic robot technology which runs cycles of ﬂuorescence
tagging, imaging and bleaching in situ. This technology combines
three advances: a technique capable of mapping hundreds of different
proteins at light microscopic resolution in one tissue section or cell
sample; a method for selecting the most prominent combinatorial
molecular patterns by representing the resulting data as binary
vectors; and a system for imaging the distribution of these protein
groupings in a ‘toponome map’. We have shown that this approach
reveals new hierarchical properties of protein network organisation
[4], in which the frequency distribution of different protein groupings
obeys Zipf's law [4,45].
To map a large number of proteins/ligands simultaneously in a
sample, a slide with the sample is placed on the stage of an inverted
wide-ﬁeld ﬂuorescencemicroscope equippedwith ﬂuorescence ﬁlters
for FITC [5]. Fluorochrome-labelled tags and wash solutions are added
and removed robotically under temperature control, avoiding any
displacement of the sample and objective. In each cycle, a tag is added;
phase contrast and ﬂuorescence images are acquired by a high-
sensitivity cooled CCD camera; the sample is washed with PBS and
bleached at the excitation wavelengths; and post-bleaching phase
contrast and ﬂuorescence images are acquired. Usually (but not
exclusively) data are acquired by using a 63x oil objective (1.4
aperture) yielding a pixel dimension of 216×216 nm (0.0467 μm2) as
outlined in detail in our earlier study [5]. Data acquisition is fully
automated using home made software. By this approach, the
technology overcomes the spectral limitation of traditional ﬂuores-
cence microscopy [46].
2.4. Construction of 2D toponome maps
Fluorescence images produced by each tag are aligned pixel-wise
using the phase contrast images, with an in- register accuracy of
±1 pixel. Background and illumination faults are then removed by ﬂat-
ﬁeld correction. Fluorescent pixels are then parsed by regarding the
list of ﬂuorescence intensities I1, I2, I3…In for proteins 1, 2, 3…n in any
particular pixel or voxel as the values of an n-dimensional vector
associated with that pixel. This vector can then be binarized by
selecting thresholds T1, T2, T3…Tn for proteins 1, 2, 3…n, and setting
the vector values for any protein m to zero if ImbTm and to 1 if not,
using thresholds manually set by human experts from within an
automatically generated range. The binarized images are then
combined to form a list of combinatorial molecular phenotypes
(CMPs) representing the proteins/molecules expressed in each pixel,
or groups of CMPs, representing regions of interest. Given CMPs
(protein clusters) or groups of CMPs are visualized in false color at
their location. This imaging procedure can be performed in 2D or
3D [4].
A rapid method to map a large number of different CMPs in one
sample is to introduce a threshold grey value for each ﬂuorescence
signal (representing the location of a labeled molecule). Each signal
Table 2
List of the most prominent combinatorial molecular phenotypes (CMPs) detected in this
study (out of N7.000) in one cell shown in Figs. 1, 2, and 4 at different magniﬁcations and
spatial aspects
Note that 15 colocalized molecules/moieties (decoding list on the right), are differentially
combined in the cell to reveal 39 different CMPs that are mutually exclusive by their
intracellular location. The CMP colours correspond to the colours displayed in the
toponome maps of Figs. 1, 2 and 4.
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depending on whether the value for the ﬂuorescence signal is above
or below this threshold, respectively (=1 bit information per
protein/ligand at a pixel/voxel) (Table 2; Fig. 1). CMPs assembled
as a group will eventually have unique features as deﬁned by the
assembly's of lead proteins (L=1), absent proteins (A=anticolocated,
0) and wild card proteins (W=variable occurrence of a protein 0 and
1 in given CMPs of a CMP group). We deﬁne such CMP groups as a
CMP motif), denoting a given functional region of a cell or tissue [4].
By using the three symbol code (LAW, above) [11], differences of cell
states and cell types can be readily identiﬁed in studies comparing
large experiments, or, diseases with normal conditions. Note that in
the present study CMP motifs were not analyzed, because the
detected CMPs were sufﬁcient to deﬁne functional territories in
the cell.
2.5. Three dimensional toponome imaging
3D imaging of MELC/TIS runs was performed by generating and
visualizing z-stack raw images for each tag signal from top to bottomof a sample; deconvoluting these images using a standard algorithm
(XCOSM) [47] working with a speciﬁc point spread function; setting
thresholds for each tag signal from each optical plane as before;
overlaying all binarized images to construct large-scale protein/ligand
colocalization maps using home made software; and constructing 3D
toponomemaps in the sameway as was done for two dimensions. The
latter two visualization steps were performed by using algorithms
provided by IMARIS software packages. Calibration of the procedures
was performed as described by us in detail [4].
3. Results
3.1. Rationale of the toponome imaging procedures
The design of this studywas based on the known facts of apoptosis,
in which cytochrome c (Cytc) forming a complex with Apaf-1 triggers
a cascade of events that lead to fragmentation of multiple organelles
(Golgi, ER, etc) and cellular structures, such as the cell nucleus, and the
cytoskeleton [7]. The study was focussed on cultured primary human
hepatocytes undergoing (in part) spontaneous apoptosis. Apoptotic
cells were readily identiﬁed by the fragmentation of the cell nucleus
and condensation of nuclear DNA (Fig. 1d), while non-apoptotic cells,
present in the same cell culture, showed nuclei with homogeneous
staining for nuclear DNA (Fig. 1k).
To illustrate the working of a toponome imaging system (TIS) for
the analysis of apoptosis, we have chosen 15 different MCC (Table 1) to
be colocalized in a human primary hepatocyte undergoing apoptosis.
Every single chosen MCC can be regarded as a functional reference
marker for given cellular compartments or domains so that their
colocalization in a TIS experiment will reveal as what we term a
toponome reference map (TRM). As an overall strategy to construct
functional toponome maps for an extremely large number of MCC
(N100) [4], the map presented here is regarded as multidimensional
hepatocyte speciﬁc subcellular MCC-‘landscape’ that can be used as a
basis for future in-depth analyses of much larger toponome maps.
As described in the method section we have generated 3D images
for each of the corresponding MCC, resulting from 10 different
deconvoluted z-stack images per MCC, each z-stack image having a
thickness of approx. 200 nm (Fig. 1, a–j). After setting a threshold for
each MCC signal by an approach described earlier [4], we have
measured the total number of CMPs displayed by the cell of interest.
We found more than 7.000 different CMPs in the one cell, some of
whichwere conﬁned to the cell nucleus. Table 2 illustrates the 39most
frequent CMPs, each of which occupies a unique space within the cell
as illustrated in ten optical sections from top to bottom (Fig. 1, a–j).
Principally CMPs are mutually exclusive functional sites within any
cell [4]. Thereby CMPs, contained in a toponome map, visualize many
different functional domains within a cell simultaneously. Hence the
CMPs displayed in Fig. 1 and decoded in Table 2 reveal an overall TRM
both of cytoplasmic and nuclear structures in liver cell apoptosis.
Below we focus on the nuclear CMPs.
3.2. Detection of nuclear domains
To illustrate the high selectivity of nuclear CMPs, we have
assembled a gallery of two representative optical sections across the
cell nucleus (Fig. 2 part I and part II). Visualization of the selective and
mutually exclusive location of different CMPs was performed as
follows. First, to give a cellular overview of the most frequent 39 CMPs
(summarized in Table 2), these CMPs were displayed inside and
around the region of the cell nucleus, simultaneously in different
colours, by aligning horizontally two out of ten optical sections
(optical sections Z5 and Z6: Fig. 2a, b, part I, respectively). These
images show that the intranuclear CMPs are separated from the
cytoplasmic CMPs by a rim of cytokeratin structures (CMP9) (compare
with the CMP decoding list shown in Table 2).
Fig. 1. Illustration of a toponome map across a human hepatocyte undergoing apoptosis (a–j) and illustration of a non-apoptotic cell at 3D from the same cell culture (k). Apoptosis is
evident by fragmentation of the cell nucleus (d,1) and of cytoplasmic organelles (d, arrows 2). Together ten different optical sections across the cell are shown from top to bottom (a-j,
corresponding to optical sections Z1–Z10). Each optical section has a thickness of approx. 200 nm. Note that 15 different cellular marker molecules have been colocalized in different
colours to reveal most prominent 39 CMPs (molecules and CMPs are listed in Table 2). These CMPs aremutually exclusive, thereby singling out nuclear and cytoplasmic substructures
of the cell. (k) Note homogenous nuclear staining in the non-apoptotic cell by propidium iodide (arrow 1) and Hoechst 3328 (arrow 2). Bar: 10 μm.
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show a pronounced fragmentation (Fig. 2 b, CMP6: note many single
turquoise structures around the red cytokeratin rim), which is in keepwith the action of caspases on cytoplasmic organelles during
apoptosis [7]. Out of the CMPs listed in Table 2, we have selected
seven CMPs that are located inside the nuclear region (CMPs 1; 3; 5; 8;
Fig. 2. Part I. Illustration of two optical sections (level Z6 and Z5) across the cell nucleus of the identical apoptotic cell shown as overview in Fig. 1. Note that the cell nucleus is
separated from the cytoplasmic structures by a cytokeratin rim (a-h: CMP9, red). (a, b) Simultaneous display of the 39 most frequent CMPs in different colours (decoded in Table 2):
Note slight differences in level 5 and 6 (a, b, respectively). (c–h) Three CMPs (CMPs 1, 3, and 5) are shown that speciﬁcally single out distinct intranuclear domains (D1, D2, D3sub [D3
subunit]): For direct visual comparison of any given CMP, the corresponding images from the two optical sections (levels Z5 and Z6) are aligned horizontally (CMP1: c, d; CMP3: e, f;
CMP5: g, h). Bar: 5 μm. Part II. In addition to the three CMPs of Fig. 2 part I, this ﬁgure illustrates another four distinct intranuclear CMPs of the identical toponome data set (i, j: CMP 8;
k, l: CMP12, m, n: CMP25; o, p: CMP26). Note that these CMPs denote the spatially separated intranuclear domains D3, D4, D5, and D6, in addition to the three domains illustrated in
Fig. 2 part I. Bar: 5 μm.
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rim (CMP9, red) for better orientation (Fig. 2, part I, Fig. 2 part II). Note
that the separation of Fig. 2 into part I and part II was chosen to clearlyvisualize the small intranuclear structures at an appropriate magni-
ﬁcation across the two optical sections (Fig. 2 part I and part II: optical
sections of level Z5 and Z6, vertical collection of seven different CMPs).
Fig. 2 (continued).
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CMPs detected in the nuclear interior are all present as punctuate
structures, each with a unique intranuclear distribution pattern in the
x/y and the z-direction of the image stack.
When the single intranuclear distribution patterns are compared,
it becomes evident, that there are essentially six intranuclear, spatially
separated domains singled out by CMP1, CMP5, CMP8, and CMP12.
Domains 1 and 2 (Fig. 2 part I, D1, D2) are spatially separatedterritories characterized by clusters of Cytc signals (CMP5) (Fig. 2 part
I, g, h). These domains also contain signals displayed as CMP1 (CD49f)
(Fig. 2 part I, c). Domain 3 is characterized by DNA structures
displaying CMP8 (Hoechst ligand) (Fig. 2 part II, i, j), CMP25
(propidium iodide-ligand) (Fig. 2 part II, m, n), and CMP26 (co-
existence of Hoechst- and propidium-ligands) (Fig. 2 part II, o, p). This
domain also contains signals of CMP3 (c-fos) as a subdomain (Fig. 2
part I, e, D3sub). Domains 4 to 6 are singled out by CMP12 (Lamp1).
Fig. 3. Schematic illustration of the intranuclear domains (D1–D6) detected in Fig. 2.
Note that the outer line symbolizes the nuclear envelope. CMPs below refer to the CMP
coding list in Table 2. D1: CMP5 (Cytc)+CMP1 (CD49f); D2: CMP5 (Cytc)+CMP1
(CD49f); D3: CMP8 (Hoechst ligand)+CMP25 (Hoechst ligand+Propidium ligand)
representing the region of condensed DNA. This domain is crossed by a subdomain of c-
fos structures (CMP3) (punctuate line) linking D1 and D2; D4–D6: CMP12 (Lamp1).
Fig. 4. 3D toponome images (rotated to an oblique position) are shown to illustrate a
detail of the hepatocyte cell nucleus (identical cell from Figs. 1, 2 and 3). (a) Surface-
rendered toponome colocalization (SRTC) map; (b) corresponding CMP-toponome map
(CMPTmap). Note that the numbers of arrows indicate concrete CMPs (decoded in Table
2) that deﬁne mutually exclusive sites and domains in the nuclear interior. The 3D
aspect uncovers the spatial interrelationship of these CMPs. Bar: 5 μm.
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appear to be closely apposed to the border of domain 3 (compare Fig. 2
part II, k, with Fig. 2 part II, m). Fig. 3 gives a schematic illustration of
these detected domains.
These ﬁndings are in keep with earlier results having shown that
Hoechst 3328 and propidium iodide differentially bind to nuclear
DNA structures [29]. Moreover, the data also coincide with reports
having shown that cytoplasmic factors, such as Lamp1 [41] and
mitochondria-associated molecules, such as the apoptosis-inducing
factor (AIF) [42] are recruited to the cell nucleus during apoptosis.
Recruitment of mitochondrial Cytc may be in line with nuclear
translocation of mitochondrial AIF, but to our knowledge nuclear Cytc
recruitment, as suggested by the present study, has not been clearly
shown yet. Cytc released from mitochondria can initiate apoptosis by
triggering a caspase-activating complex (the apoptosome) [7,8]. The
apoptosome, a cytosolic signalling platform that activates a cascade of
proteolytic caspases, is a wheel-like molecular machine composed of
Cytc and the cytosolic protein Apaf-1 [8]. In our present study we did
not colocalize Apaf-1. This leaves open whether the Cytc (CMP5)
signals detected in the nuclear interior singles out intranuclear
apoptosomes or simply reﬂects nuclear Cytc translocation. Localiza-
tion of c-fos (CMP3) in the region of nuclear DNA (CMPs 8, 25, and 26)
is conceivable because c-fos is a transcription factor for early response
genes, which is upregulated in liver cell apoptosis [40]. To our
knowledge, presence of CD49f (CMP1) inside the cell nucleus during
apoptosis is a new ﬁnding. It is in keep with upregulation of CD49f in
liver diseases [35].
3.3. Synopsis at 3D
The total number of CMPs that we have detected in the apoptotic
liver cell signiﬁcantly exceeds those illustrated in Fig. 2. The
intranuclear domains shown in Fig. 2 give the most prominent
features of liver cell apoptosis detected by toponomics so far. These
domains were derived from two out of ten optical sections across the
cell. Therefore we attempted to provide a more synoptic view of this
cell nucleus by rotating it to an oblique position (Fig. 4). Two different
visualization procedures were chosen to show how the detected
intranuclear domains are spatially interrelated in x/y and z across all
of the ten optical sections of the cell: a surface-rendered toponome
colocalization (SRTC) map and a CMP-toponome (CMPT) map were
generated for direct visual comparison (Fig. 4a and Fig. 4b,
respectively).As illustrated in the SRTC map (Fig. 4a) the surface-rendered
intranuclear signals of Cytc (corresponding to domain 1 of Fig. 2, part
I) are seen (Fig. 4a, asterisk). These signals are located in close
proximity to the condensed nuclear DNA (green colour in Fig. 4a). The
latter corresponds to domain 3 (Fig. 2 part II). It represent a major
hallmark of apoptosis [7]. Interestingly and in addition to the 2D
optical sections from Fig. 2, the 3D image of Fig. 4a uncovers that Cytc
forms small spherical structures which are directly facing the surface
of the condensed DNA (Fig. 4a, arrow 5). This suggests that these sites
may correspond to speciﬁc interaction structures of Cytc and nuclear
DNA.
When all of the 39 most frequent CMPs (Table 2) are simulta-
neously displayed as a CMPT map at 3D (Fig. 4b), intranuclear CMP28
is detected in addition to the CMPswhich have already been described
in Fig. 2. It shows a clear cut intranuclear location (Fig. 4b, arrow 28). It
contains signals of both CD138 (syndecan-1) and of the glycotopes
NeuAc/(GlcNac)2/(GlcNac)3 visualized by binding of the wheat germ
agglutinin WGA. To our knowledge these molecular assemblies have
not been shown yet at intranuclear sites in apoptosis. WGA binding to
nuclear pore proteins has been shown earlier [31] and regulation of
syndecan-1 can be implicated in apoptosis [33]. Whether the
association of these molecules as CMP28 reﬂects a speciﬁc function
in apoptosis is not known. The close proximity of CMP28 to the
nuclear envelope (denoted by red cytokeratin rim) may suggest that
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which are physiologically located at or near the perinuclear structures.
4. Discussion
In the present study we have applied TIS to address apoptosis in an
attempt to examine the feasibility to construct large-scale toponome
reference maps of the cell nucleus on the single cell level. The
demonstrated ability to colocalize 15 different MCC in one apoptotic
cell at 3D is a milestone towards much larger maps focussing on the
complete apoptosis-speciﬁc molecular network in one cell, referred to
as the apoptosis toponome. We consider that this large-scale imaging
approach will be feasible and essential to unravel the molecular
organization of apoptosis, for the following reasons.
First, we have shown that at least 100 different MCC can be
colocalized to reveal high-dimensional toponome maps of one
biological sample [4]. This suggests that large tag libraries focussing
on at least 100 molecules relevant for apoptosis can be constructed in
the future for apoptosis-toponome mapping procedures. Powerful
software and mathematical methods for toponome analyses have
been developed [48–51], that can be readily applied to apoptosis-
toponome research.
Second, progress in understanding apoptosis has followed
separate lines of investigation which can be grouped in biochemical
and imaging studies. These studies gave rise to ideas on how the
many identiﬁed components of apoptosis might be interconnected as
an apoptosis-speciﬁc molecular network [7,8]. One critical mechan-
ism in apoptosis is the formation of the apoptosome, a molecular
complex that is formed between cytochrome c and Apaf-1 that
activates a cascade of caspases ﬁnally leading to a controlled
demolition of the cell [7,8]. It is known from proteomics studies
that caspases, as the agents of this demolition process, act on
hundreds of proteins [52], and nearly every cell organelle as well as
many cytoskeletal proteins are targets of pronounced fragmentation.
Proteolysis of the cytoskeleton probably contributes to the rounding
and retraction of the cell seen in the early stages of apoptosis [7].
Despite extensive data assembled around these processes, signiﬁcant
gaps remain in our knowledge of these mechanisms. For example,
which protein clusters are formed between the 10 known caspases
and cellular target proteins as substrates in a cell undergoing
apoptosis; where are these clusters located in apoptotic cells; how
are these clusters interrelated as a network, and how do they change
during apoptosis? Moreover, accumulating evidence appears to
suggest that caspases participate in other cellular events, such as
differentiation [7]. This suggests that the identical caspases may
differentially associate with various MCC at different subcellular
locations to generate different molecular networks with topologically
and functionally distinct properties. Furthermore, toponomics will
allow in the future to colocalize all the molecular compontens of the
apoptosome to address the question when and where these
components associate during the apoptosis. Important clues to the
identiﬁcation and understanding of these networks may come from
large-scale toponome mapping studies.
Third, the importance of large-scale toponome mapping becomes
evident from our studies showing that two different functional states
of a cell (spherical vs. explore state) can be easily distinguished by the
protein clusters formed, rather than by averaging the abundance of
the corresponding proteins in these cells [4]. The explore state was
characterized by speciﬁc protein clusters interlocked as arrays along
the cell surface. These clusters had in common one protein (APN)
while other proteins (different cell surface integrins) were variably
associated with the former protein. We termed this protein the lead
protein. We could show that inhibition of this lead protein led to
disassembly of the protein clusters and to severe loss of function
(ability to polarize), substantiating the lead protein hypothesis [14]
and providing a rationale for the identiﬁcation both of cellular proteinnetworks and the corresponding control protein(s) in situ/in vivo. We
consider that this new paradigm may be applied to apoptosis: Once
lead proteins have been identiﬁed in apoptosis-speciﬁc toponome
maps (vs. control cells), they can be selectively inhibited or deleted,
and the functional consequences observed.
The construction of apoptosis-speciﬁc toponome maps as an
approach to analyse the functional organization of apoptosis-speciﬁc
molecular networks, is still in its infancy. Themap of the apoptotic cell
nucleus presented in this study is a ﬁrst ‘draft’ of a toponome
reference map in apoptosis. It gives multiple molecular ‘landmarks’ in
the nuclear interior during apoptosis of a human liver cell. We
consider the six nuclear domains identiﬁed by simultaneous CMP
imaging as essential territories of the intranuclear processes during
apoptosis. A systematic TIS-based approach using the identiﬁed
apoptosis-speciﬁc domains as landmarks together with a proteome-
wide set of afﬁnity ligands might decipher the complete functional
plan of apoptosis using lead proteins as anchor points. We believe that
the toponome-based identiﬁcation of the protein hierarchies in
apoptosis, as revealed by lead proteins within their topologically
deﬁned CMP motives [4], will become essential for a comprehensive
cellular understanding of apoptosis. A corresponding mapping plat-
form is in progress [53].
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